Phosphorus (P) removals in constructed wetlands (CWs) have received particular attention in recent decades by using specific materials which promote adsorption/precipitation mechanisms.
INTRODUCTION
The release of high P concentrations in surface waters is the main factor involved in eutrophication problems. Consequently, it is necessary to remove P from domestic, agricultural and industrial wastewaters. In constructed wetlands vegetation and biomass play a role in P assimilation and storage. The P uptake by macrophytes is significant during the growing season (Vymazal 1995) , nevertheless, much of P is released back into water after vegetation death (Reddy et al. 1999) . P can be removed by microorganisms, but the amount stored is low and P can be released after bacteria decomposition (short-term storage). One solution widely studied is to find suitable substrate in order to maximize the removal efficiency and to develop a reliable process to remove P from wastewaters. So, in recent decades P removal using specific materials promoting adsorption/precipitation mechanisms has received particular attention. A variety of filter media has been tested in lab-scale experiments and in field trials (Johansson Westholm 2006; Vohla et al. 2011) . Substrates as bauxite, shale, zeolite, fly ash, and clay aggregates have been tested by Drizo et al. (1999) . Materials containing iron have been also investigated (magnetite, Karapinar et al. 2004 ; steel slag, Drizo et al. 2006; Shilton et al. 2006) . In addition substrate rich in calcium and calcareous materials have been studied by several authors (Brix et al. 2000; Khadraoui et al. 2002; Arias et al. 2003; Del Bubba et al. 2003; Molle et al. 2003; À dà m et al. 2007) . Recent studies (Jang & Kang 2002; Molle et al. 2005b; Bellier et al. 2006 ) have shown the high and long term capacity of apatites (Ca 5 (PO 4 ) 3 OH,F,Cl) in retention of phosphorus. Apatite materials have interesting physicochemical properties. The material is rich in Ca and can possess both a high sorption capacity and a suitable percolation rate. The sorption capacity of apatite was mainly measured in lab experiments. However, long-term data in full-scale study is practically non-existent.
In the present study two different kinds of apatite were tested in pilot units and full-scale plant to evaluate the potential of apatite to remove P in constructed wetlands.
MATERIAL AND METHODS

Materials
In this study two different sedimentary apatites from Morocco (BT and HT) were tested in full-scale plant and pilot units. Chemical, physical and mineralogical properties of materials used are shown in Table 1 and 2. Particle size distribution was determined using dry-sieving techniques (European norm 1997), to calculate d 10 , d 60 (mesh diameter allowing, respectively, 10 or 60% of the material mass to pass through), and the uniformity coefficient (UC ¼ d 60 /d 10 ). Porosity was determined from the amount of water needed to saturate a known volume of component (replicate number n ¼ 3) and the bulk density was measured by the volume of water displaced by a known mass of medium (n ¼ 3). Specific surface areas in the present study were evaluated from the particle size distribution, assuming spherical grains, according to:
where d i represents the sphere diameter, E stands for the sample density, m i correspond to the mass passing across d i diameter, and M to the total mass of sample. The apatite materials studied have been examined using X-ray powder diffraction to determine mineralogical composition of materials. Moreover, chemical composition was provided by X-ray fluorescence analyses. All physical, chemical and mineralogical properties of materials studied are summarized in Table 1 and 2. The mineralogical composition of apatite material (Apatite 1) used in the work of Molle et al. (2005b) is also provided as a reference to compare materials between them. The content of apatite mineral in the materials tested in this study was less than 50% associated with other impurities. In this paper the term ''quality of apatite'' will be used to mean % content of apatite mineral.
Sites studied
Full-scale plant
The BT apatite was tested in the Evieu plant (Ain, France). The experimental constructed wetland wastewater treatment plant is composed with a sequence of two vertical stages VF1 and VF2. These vertical filters are designed and managed according to the French recommendations (Molle et al. 2005a ) using a total surface of 2 m 2 p e À1 . The effluent resulting from these filters is treated by horizontal flow a HT material contain 30% of fine particles of clay that can be bonded to larger particles. As a consequence, particle size distribution is modified and real grain distribution is masked. In reality we observe apatite grains of 0.1-0.3 mm and coarser grains with impurities. b Apatite 1 material tested by Molle et al. (2005b) . Figure 1a ) and the second identical HF, without apatite, is working in parallel as a control.
Pilot units description
Three similar pilot-scale horizontal flow subsurface wetlands have been constructed at the Bagnols plant (Rhô ne, France). The pilot units consist of tanks, with dimensions 1.5 m long, 1 m wide and 0.4 m deep. In each system, 20 cm length of inlet and outlet gabion has been setting up with inert pea gravel. One pilot unit of HT material was planted with Phragmites australis to study the reeds effect on P retention (HT þ r). The pilot units are fed with wastewater from the outlet of Bagnols wastewater treatment plant (trickling filter) using a Masterflex peristaltic pump ( Figure 1b ).
Sites monitoring
All continuous measurements (inlet/outlet flows, hydraulic gradient, pH, water temperature, redox potential and meteorological conditions (rain, air humidity, air temperature)) were stored using a Gantner data logger.
Treatment performance
Samples of influent and effluent were taken on a weekly basis for pilot units and once every two weeks at the full-scale plant. Regular 24 h composite samples were also done every two months at the Evieu plant. Treatment performance was evaluated by complete analysis for COD, BOD, SS, Ca, Nitrogen and Phosphorus forms. Moreover, at the Bagnols plant, o-PO 4 analyses were performed continuously on the inlet of all pilot units and the outlet of each one every week, with the online analyser. As shown in Figure 1a , for both sites, piezometers were introduced into the apatite media to follow the decrease of P concentrations over the distance.
Hydraulics performance
Inlet flow was measured by recording of the operation time of the pump. In the pilot units, outlet flows were measured by STS piezometric sensors while they were measured by a bubble flowmeter in Evieu plant. The hydraulic residence time was determined by tracer experiments using a GGUN-FL30 Fluorometer. The apparatus was designed to provide continuous monitoring of uranine tracer concentrations. The results of tracer experiments were used to detect preferentialflow paths and dead zones in both pilot units and full-scale plant.
Kinetics study
The reaction kinetics can be fitted to the slightly modified first order kinetic k-C * . The model has been widely used, in particular to fit the kinetic data of P removal by struvite formation (Nelson et al. 2003; Quintana et al. 2007) . By assuming a first order reaction for P retention and an ideal plug flow water circulation throughout the system, the P concentration (C) at time t can be obtained by the following expression:
where C 0 is the inlet concentration of phosphorus, k the constant rate and C * the residual P concentration.
Analytical microscope SEM
The apatite surface before and after the Evieu was observed using a Hitachi S800 FEG Scanning Electron Microscope equipped with a microanalysis instrument EDS (Energy Dispersive X-ray System).
RESULTS AND DISSCUSSION
Full-scale plant
Hydraulic and treatment performance
The BT apatite was installed at the Evieu plant in December 2006 and the monitoring began a few times later in midJanuary 2007. The mean hydraulic load (HL) and organic loads received by the 2 filters HFapatite and HF are shown in Table 3 . Apatite allows a good stability of pH in the water (pH ¼ 7.4±0.2). The hydraulic residence time measured using uranine tracer in HFapatite filter was about 2.9 days in the whole filter and 1 day in the apatite media. We observed about 20% of dead zone in the whole filter. The removal performances of Evieu horizontal filters were calculated taking into account evapotranspiration measures. In summer about 3 cm d À1 was lost in HFs filters for water temperature greater than 161C. The values indicate that COD removal efficiency was about 60% for both HFs with a slight temperature effect. No difference was seen between the filters in SS removal (80%). The total nitrogen removal was about 60% for both filters; an increase of the N removal in summer was noted as observed by Molle et al. (2008) . During the tests in the Evieu plant the values of BOD at the inlet and the outlet of both HFs filters were about 7 and 3 mg l À1 , respectively.
Phosphorus removal
The total P removal in the first period of treatment was about 81% and decreased with time to 53% (Table 3) . o-PO 4 represents 92 and 99% of TP at the inlet and the outlet of the HFs filters, respectively. Consequently, measures were regularly done as o-PO 4 form. The inlet and outlet o-PO 4 were analysed every 2 weeks over the 30 months for the two HFs filters as illustrated by the Figure 2a . Three periods were noted:
During the first period of 9 months of operation, apatite provided good P removal and the P outlet was low and did not exceed 0.8±0.2 mg P l À1 . Conversely, the P retention in HF was very poor as it is common for a non-specific material in such systems (Figure 2a ). For this period the o-PO 4 removal was close to 80% ( Figure 3 ) and approximately 13% for HFapatite and HF, respectively. In the second period starting in October 2007 a loss of P retention was observed (Figure 3) . the increase of P concentrations could be due to a decrease of water temperature (o151C) in this period and a slight decrease of the contact time between apatite material and wastewater caused to an increase of the hydraulic load applied in this period ( Figure 2b ). The water temperature effect could have been explained by retrogressive solubility of apatite minerals affecting precipitation kinetics (apatite mineral is less soluble at higher temperature). Nevertheless, the hydraulic load and temperature can not be the key factor in reduction of removal efficiency, because the retention kinetics continues to be low even after the increasing of contact time and water temperature in April 2008 (Figure 2b) . The results indicate a reduction in retention capacity of BT material with time as showed by the Figure 3 .
The P concentrations given in Figure 4 present the mean values of spot samples taken at different piezometers. With an increasing distance from the inlet the most of the P was retained in the first part of apatite filter. The slight increase in P concentration observed at 2 m distance is due to heterogeneous P concentrations at piezometers located at the same distance from the inlet, which probably caused by the presence of preferential-flow paths in the filter. After 12 months of HFapatite filter operation the P removal efficiency decreased in the whole filter (Figure 4) .
Using influent and effluent o-PO 4 concentrations in HFapatite filter for 12 months of operation, the mass removed by BT material was about 0.8 g P kg À1 of apatite. This value is much lower than the saturation level obtained by Molle et al. (2005b) with another quality of apatite (13.9 g P kg À1 of apatite) and allowing a good P removal. Comparing mineralogical and chemical composition of BT apatite (Table 1 and 2) and material used by Molle et al. (2005b) it appears that BT apatite contains very low % content of apatite mineral and P element. The loss of retention capacity could be related to the BT material quality. The composition of BT apatite may affect the P retention mechanisms. The removal efficiency decrease can be caused by high adsorption in the first period and lower precipitation rate in the long-term.
Apatite surface SEM photomicrographs of apatite surface before and after 16 months of experiments at the Evieu plant are shown in Figure 5 . Surface observation of the BT apatite reveals that precipitates were formed. The molar ratios Ca/P of the precipitate analyzed by EDS were close to those for Hydroxyapatite/carbonates Hydroxyapatite (1.8±0.2). After 16 months, surface coverage appears to be far from saturation while the P outlet concentration increased. This result confirms that a decrease in retention kinetic is probably due to the BT apatite quality and not to media saturation.
Pilot scale
Hydraulic and treatment performance
The pilot units were installed to test the BT and HT apatites with a better control of hydraulic and chemical conditions. In this study the retention efficiency of a second quality of apatite HT was measured in HT and HT þ r pilot units. Since April 2008 the pilot units were fed with wastewater with a water retention time determined by tracer study of about 2 days in all the pilot units and 1.2 days in the apatite media (during period 1). The mean hydraulic loads received by the pilot units and inlet/outlet wastewater characteristics are presented in Table 4 . In the Table 4 the inlet and outlet wastewater characteristics in the Bagnols pilot units are presented for three different periods according the hydraulic loads received by the pilot units. In the first period performance removals are similar in all pilot units and achieve about 70% and 98% for COD and SS respectively. Conversely total nitrogen removal in the pilot units is low (o40%) and this result could be related to the longer time needed for nitrifying bacteria to develop and insufficient amounts of organic carbon available for denitrifying bacteria. In the second and third period the hydraulic loads were increased on the three pilot units in order to increase quickly the P retention of BT and HT materials. A decrease of removal performance of all parameters was consequently observed due to the reduction of water retention time. As observed at the Evieu plant, the influents in pilot units have a BOD value in the range of 6 to 11 mg l À1 . Phosphorus removal. During period 1, the total phosphorus removal is approximately 95% for HT material and 99% for BT material. The o-PO 4 concentrations of the influent and the effluent in pilot units represents 90 and 100% of TP, respectively. Based on the continuous analyses alternately measured by the online analyser, inlet and outlet o-PO 4 concentrations are also given in Figure 6 .
During the pilot units tests, it was difficult to control the P concentrations (ranged from 1 to 11 mg P l À1 ) at the inlet of pilot units, the P concentrations were impacted by weather conditions (rainfall). For 4 months (period 1) the mean o-PO 4 inlet concentration in pilot units was about 3.8 ± 2.4 mg P l À1 and a good P removal was observed close to 100% (Figure 7 ) with a o-PO 4 outlet o0.5 mg P l À1 . The P removal capacity decrease with time ( Figure 7 ) and the BT material seems to have high retention compared to HT material. The saturation levels reached in the pilot units were about 1.1 and 0.9 g P kg À1 of material for BT and HT materials, respectively.
The comparison of HT þ r and HT kinetics shows no difference in retention efficiency and the reed effect is not clear. Redox potentials of inlet/outlet water show no dependency on P removal whatever this latter was (values between 160 and 450 mv/EHN). Adsorption may be the predominant mechanism in the first period of sorption. Consequently, it was difficult to detect the effect of both reeds and redox potential on P retention kinetics.
Retention kinetics and design
As explained previously, the constant rate (k) was determined by fitting a first order kinetic model to the P concentrations measured in piezometers (Figure 8) . Validation of the fitting was done by modelling the evolution of outlet P concentrations during the 30 months at the Evieu plant as well as the 16 months of the pilot units operation. For BT at the Evieu plant, C* fitted by the model was 0.8 mg P l À1 while it was lower (o0.2 mg P l À1 ) in the pilot units due to adsorption mechanism predominance.
The average value of retention rate k for the BT apatite material obtained at the Evieu plant (first period) was 0.26±0.02 h À1 . The k value decreases from 0.26±0.02 to 0.07 ± 0.02 h À1 (Figure 8a ) after 16 months of filter operation. Taking into account a dead volume of about 20% for the Evieu plant respectively, the correct values of k are about 0.29 and 0.08±0.02 h À1 for the first period and the third period (decrease of kinetics), respectively. Moreover, in pilot units the removal rates of BT material measured (including 10% of dead volume) were similar to those obtained in full-scale plant (0.33 ± 0.04 h À1 ).
The decrease of P removal kinetics has an effect on the volume of material needed per person equivalent (p.e). The surface needed to allow a sufficient contact time in the filter to achieve 1 mg P l À1 level in the effluent can be estimated assuming the following hypotheses: P inlet 10 mg P l À1 and 150 l d À1 p e À1 . With these assumptions, the surface needed 9 9 9 Evolution of P removed as a function P added in the Bagnols pilot.
using BT apatite (the poorest quality) increases from 0.5 to 1.5 m 2 of apatite per p.e ( Figure 9 ). These results show that long term experiments are of great importance to specify the real design which has to be used for a sustainable P removal. In pilot units with HT material the k values measured were about 0.33 ± 0.04 h À1 . The decrease of removal rates with time was not observed in pilot units with HT material because the saturation levels obtained at the end of experiments were not very high (0.9 g P kg À1 of material).
BT apatite material can provide a good quality P removal for the first period with a small volume of material. After 12 months, a larger volume of the BT apatite is needed to achieve 1 mg P l À1 in the effluent. The P retention kinetics measured in pilot units with HT apatite quality (46% of apatite mineral) were similar to those obtained by BT material. Unfortunately, the inlet P concentrations in pilot units were low and not sufficient to allow high saturation levels during the tests. Nevertheless, apatite appears to have a high retention capacity and the use of this material in CWs still an interesting way for P removal from domestic secondary effluent. However, materials with low content of apatite mineral were limited in term of long term removal capacity. For example, with BT quality the replacement of filter can be estimated using the following assumptions: 150 l d À1 p e À1 P, inlet 10 mg P l À1 and material surface of 0.5 m 2 p e À1 . The BT material should be replaced after 12 to 14 months of operation to achieve 2 mg P l À1 level.
CONCLUSIONS
This paper provides the first long-term monitoring for P removal by apatite. The major conclusions of this study are:
The removal of phosphorus by apatite was highly efficient; an overall P removal of 80 to 99% was measured in fullscale plant and pilot units, respectively. During 9 months BT apatite filter has been very effective and allowed to reduce the effluent P concentration down to 1 mg P l À1 . BT apatite shows a significant decrease in removal efficiency until a saturation level of 0.8 g P kg À1 of apatite has been reached but is still stable after this step. The apatite quality (% of apatite mineral) appears to be of great importance for a long term P removal. Other material qualities (rich quality like in Molle et al. 2005b ) must be used for an economical and sustainable solution for limiting the risk of eutrophication downstream small communities. k=0.29 h-1 k=0.08 h-1 Figure 9 9 9 9 9 Estimation of surface needed to achieve 1 and 2 mg P l À1 in effluent with the BT material and an inlet P concentration of 10 mg P l À1 .
